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EXECUTIVE SUMMARY

The sustained health of human populations requires the contin-
ued integrity of Earth’s natural systems. The disturbance, by
climate change, of physical systems (e.g., weather patterns,
sea-level, water supplies) and of ecosystems (e.g., agroecosys-
tems, disease-vector habitats) would therefore pose risks to
human health. The scale of the anticipated health impacts is
that of whole communities or populations (i.e., it is a public
health, not a personal health, issue). These health impacts
would occur in various ways, via pathways of varying direct-
ness and complexity, including disturbance of natural and man-
aged ecosystems. With some exceptions, relatively little
research has yet been done that enables quantitative description
of these probable health impacts.

It is anticipated that most of the impacts would be adverse.
Some would occur via relatively direct pathways (e.g., deaths
from heat waves and from extreme weather events); others
would occur via indirect pathways (e.g., changes in the range
of vector-borne diseases). Some impacts would be deferred in
time and would occur on a larger scale than most other envi-
ronmental health impacts with which we are familiar. If long-
term climate change ensues, indirect impacts probably would
predominate.

Populations with different levels of natural, technical, and
social resources would differ in their vulnerability to climate-
induced health impacts. Such vulnerability, due to crowding,
food insecurity, local environmental degradation, and per-
turbed ecosystems, already exists in many communities in
developing countries. Hence, because of both the geography
of climate change and these variations in population vulnera-
bility, climate change would impinge differently on different
populations.

* An increased frequency or severity of heat waves
would cause an increase in (predominantly cardiores-
piratory) mortality and illness (High Confidence).
Studies in selected urban populations in North
America, North Africa, and East Asia indicate that the
number of heat-related deaths would increase several-
fold in response to two general circulation model
(GCM)—modeled climate change scenarios for 2050.
In very large cities, this would represent several thou-
sand extra deaths annually. Although this heat-related
increase in deaths would be partially offset by fewer
cold-related deaths, there are insufficient data to
quantify this tradeoff; further, this balance would vary
by location and according to adaptive responses
(Medium Confidence).

If extreme weather events (droughts, floods, storms,
etc.) were to occur more often, increases in rates of
death, injury, infectious diseases, and psychological
disorders would result (High Confidence).

Net climate change-related increases in the geograph-
ic distribution (altitude and latitude) of the vector
organisms of infectious diseases (e.g., malarial mos-
quitoes, schistosome-spreading snails) and changes in
the life-cycle dynamics of both vector and infective
parasites would, in aggregate, increase the potential
transmission of many vector-borne diseases (High
Confidence). Malaria, of which there are currently
around 350 million new cases per year (including two
million deaths), provides a central example.
Simulations with first-generation mathematical mod-
els (based on standard climate-change scenarios and
incorporating information about the basic dynamics
of climatic influences on malaria transmission) pre-
dict an increase in malaria incidence in Indonesia by
2070 and—with a highly aggregated model—an
increase from around 45% to around 60% in the pro-
portion of the world population living within the
potential malaria transmission zone by the latter half
of the next century. Although this predicted increase
in potential transmission encroaches mostly into tem-
perate regions, actual climate-related increases in
malaria incidence (estimated by one model to be of
the order of 50—80 million additional cases annually,
relative to an assumed global background total of 500
million by 2100) would occur primarily in tropical,
subtropical, and less well protected temperate-zone
populations currently at the margins of endemically
infected areas. Some localized decreases may also
occur (Medium Confidence).

Increases in non-vector-borne infectious diseases
such as cholera, salmonellosis, and other food- and
water-related infections also could occur, particularly
in tropical and subtropical regions, because of climat-
ic impacts on water distribution, temperature, and
microorganism proliferation (Medium confidence).
The effects of climate change on agricultural, animal,
and fisheries productivity, while still uncertain, could
increase the prevalence of malnutrition and hunger
and their long-term health impairments, especially in
children. This would most probably occur regionally,
with some regions likely to experience gains, and oth-
ers losses, in food production (Medium Confidence).
There would also be many health impacts of the phys-
ical, social, and demographic disruptions caused by



rising sea levels and by climate-related shortages in
natural resources (especially fresh water) (Medium
Confidence).

Because fossil-fuel combustion produces both carbon
dioxide and various primary air pollutants, the climate
change process would be associated with increased
levels of urban air pollution. Not only is air pollution
itself an important health hazard, but hotter tempera-
tures, in urban environments, would enhance both the
formation of secondary pollutants (e.g., ozone) and
the health impact of certain air pollutants. There
would be increases in the frequency of allergic disor-
ders and of cardiorespiratory disorders and deaths
caused by various air pollutants (e.g., ozone and par-
ticulates) (High Confidence).

A potentially important category of health impact
would result from the deterioration in social and eco-
nomic circumstances that might arise from adverse
impacts of climate change on patterns of employment,
wealth distribution, and population mobility and set-
tlement. Conflicts might arise over dwindling envi-
ronmental resources (Medium Confidence).
Stratospheric ozone is being depleted concurrently
with greenhouse gas accumulation in the troposphere.
Although there are some shared and interactive atmos-
pheric processes between disturbances of the stratos-
phere and troposphere, both they and their health
impacts arise via quite distinct pathways. A sustained
10-15% depletion of stratospheric ozone over several
decades would cause increased exposure to ultraviolet
radiation and an estimated 15-20% increase in the
incidence of skin cancer in fair-skinned populations
(High Confidence). Lesions of the eye (e.g., cataracts)
also may increase in frequency, as might vulnerability
to some infectious diseases via adverse effects on
immune function (Medium Confidence).

Adaptive options to minimize health impacts include improved
and extended medical care services; environmental manage-
ment; disaster preparedness; protective technology (housing,
air conditioning, water purification, vaccination, etc.); public
education directed at personal behaviors; and appropriate pro-
fessional and research training. It also will be important to
assess in advance any risks to health from proposed technolog-
ical adaptations (e.g., exposures that could result from using
certain alternative energy sources and replacement chemicals
for chlorofluorocarbons; effects of pesticide use on resistance
of vector organisms and their predator populations).

There is immediate need for improved and internationalized
monitoring of health-risk indicators in relation to climate
change. Existing global monitoring activities should encom-
pass health-related environmental and bioindicator-species
measurements and, where appropriate, direct measures of
human population health status. To assist the evolution of pub-
lic understanding and social policy, the health sciences must
develop improved methods, including integrated predictive
models, to better assess how climate change (and other global
environmental changes) would influence human health.

In conclusion, the impacts of global climate change, particu-
larly if sustained in the longer term, could include a multitude
of serious—but thus far underrecognized —impacts on human
health. Human population health is an outcome that integrates
many other inputs, and it depends substantially on the stabili-
ty and productivity of many of Earth’s natural systems.
Therefore, human health is likely to be predominantly
adversely affected by climate change and its effects upon
those systems.




Human Population Health

18.1. Introduction
18.1.1. Climate Change and Human Population Health:
The Nature of the Relationship

Global climate change over the coming decades would have
various effects upon the health of human populations (WHO,
1990; Haines and Fuchs, 1991; McMichael, 1993; Last, 1993;
Lancet, 1994). Because of the nature of the exposures
involved, the scale of these climate-related changes would, in
general, apply to whole populations or communities, rather
than to small groups or individuals. The assessment of health
impacts therefore focuses on changes in rates of death or dis-
ease in populations.

Many of the health impacts of climate change would occur via
processes that are relatively unfamiliar to public-health science.
They would not occur via the familiar toxicological mechanisms
of localized exposure to environmental contaminants, nor via
locally determined influences on the spread of infectious dis-
eases. Instead, many of the impacts would arise via the indirect
and often delayed effects of disturbances to natural systems and
their associated ecological relationships. For example, changes
in background climate may alter the abundance, distribution, and
behavior of mosquitoes and the life
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The range of potential major types of health impact is shown in
Figure 18-1. For simplicity, they have been classified as
“direct” and “indirect,” according to whether they occur pre-
dominantly via the direct impact of a climate variable (temper-
ature, weather variability, etc.) upon the human organism or are
mediated by climate-induced changes in complex biological
and geochemical systems or by climatic influences on other
environmental health hazards.

18.1.2. Forecasting Health Impacts:
The Challenge to Health Science

Predictions of future trends in population health are readily
made in relation to actual current exposures—for example,
future lung cancer rates can be predicted as a function of a
population’s current cigarette smoking habits (Peto et al.,
1994). It is unusual to make predictions on the basis of some
anticipated future profile of exposure (e.g., smoking habits in
the year 2020), yet this is the nature of the present exercise:
Potential health impacts are being assessed in relation to
future scenarios of climate change. There are inevitable, mul-
tiple uncertainties in such an approach (McMichael and
Martens, 1995).

cycle of the malarial parasite, such

Mediating Process Health Outcomes

that patterns of malaria would
change. Climate change also would
have varied regional effects on agri-
cultural productivity, so that some
vulnerable populations may experi-
ence nutritional deprivation. There

DIRECT

Altered rates of heat- and cold-related

Exposure to thermal extremes
(especially heatwaves)

Altered frequency and/or intensity
of other extreme weather events
(floods, storms, etc.)

_

—— illness and death (especially

cardiovascular and respiratory diseases)

Deaths, injuries, and psychological
disorders; damage to public health
infrastructure

CLIMATE
also would be some rather more CHANGE:
readily predictable health impacts TEMPERATURE,
adrly p PAClS, 1 pRECIPITATION,
arising, for example, from more fre- AND WEATHER

INDIRECT

quent or severe heatwaves. \

On a wider canvas, several of the
world’s ecosystems that are
important in sustaining human
health already have been weak-
ened by damage, habitat loss, and
species/genetic depletion. These
include agricultural lands and ocean

DISTURBANCES OF
ECOLOGICAL SYSTEMS

Effects on range and activity of vectors
and infective parasites 1

Altered local ecology of water-borne
and food-borne infective agents

Altered food (especially crop)
productivity due to changes in climate,
weather events, and associated pests |
and diseases

fisheries and the terrestrial ecosys-
tems that influence the transmission
of infectious diseases. Climate
change may, via various processes,
exacerbate those ecosystem distur-
bances. Because an ecosystem com-
prises a suite of interacting compo-
nents, in which member organisms
relate to the whole suite rather than
to individual parts, the uncoupling

Sea-level rise, with population
displacement and damage to
infrastructure (e.g., sanitation)

Levels and biological impacts of air
pollution, including pollens and spores

Social, economic, and demographic
dislocations due to adverse climate
change impacts on economy,
infrastructure, and resource supply

Changes in geographic ranges and
incidence of vector-borne diseases

Changed incidence of diarrheal and
certain other infectious diseases

Regional malnutrition and hunger, and
consequent impairment of child growth
and development

Injuries, increased risks of various
infectious disease (due to migration,
crowding, contamination of drinking
water), psychological disorders

Asthma and allergic disorders; other
acute and chronic respiratory disorders
and deaths

Wide range of public health
consequences (e.g., mental health,
nutritional impairment, infectious
diseases, civil strife)

of relationships by climate change
could initiate a cascade of distur-

Note: Populations with different levels of natural, technical, and social resources would differ
in their vulnerability to climate-induced health impacts.

bances that might jeopardize human
population health.

Figure 18-1: Ways in which climate change can affect human health.
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Some aspects of climate change and its first-level impacts (on
sea level, coastal ecosystems, forests, agriculture, fisheries,
etc.), as projected by IPCC Working Group I, would lie outside
the range of recorded human health experience. Hence, the
forecasting of human health impacts must rely principally upon
reference to historical analogy (where available) and reason-
able extrapolation, judgment, and the use of integrated mathe-
matical models (Niessen and Rotmans, 1993; McMichael and
Martens, 1995). Most of the health impact modeling to date has
been at a highly aggregated global or regional level, with no
capacity to make finer-grained predictions. Ongoing develop-
ments in modeling techniques include the incorporation of
complex nonlinear relationships and feedback processes, deal-
ing with uncertainty, and richer use of local detail (Alcamo et
al., 1994a, 1994b).

Some health impacts can be forecast by relatively simple
extrapolation from empirical epidemiological dose-response
data. For example, models to predict the mortality impacts of
an increase in heatwaves can be based on existing empirical
data. However, predicting the health impact of climate-induced
shifts in ecological relationships and habitat boundaries (e.g.,
malarial mosquitoes, agricultural crops) poses a more complex
challenge. Equally complex is the task of predicting the vari-
ous indirect health impacts of such things as sea-level rise or of
civil disruption and enforced migration because of deteriorat-
ing environments and dwindling resources.

A further difficulty arises with regional predictions. Not only is
the ability to predict regional differences in climate change still
limited, but human populations differ greatly in their environ-
mental circumstances, social resources, and preexisting health
status. They therefore differ in their vulnerability to climate-
induced stresses. Although there is generally insufficient infor-
mation available to make differentiated assessments of health
impacts in different populations, the balance of the assessments
published to date is that, because of the geography of the
impacts of climate change (particularly in relation to infectious
disease transmission and food production) and of population
vulnerability, many of the anticipated adverse health impacts
would be greater in the world’s less-developed regions.
Nevertheless, in developed countries, demographic trends
including population aging and increasing levels of disability,
chronic illness, and coastal retirement may increase the vul-
nerability of populations.

Although it is tempting to compile a list of discrete health
impacts, it is important that the systemic quality of the impact
of climate change be understood. There would be many cross-
links, including interactions of climate change with other,
coexisting environmental changes. Further, the attempts of
society to mitigate the health effects of climate change may
actually exacerbate some of them. For example, increased use
of fertilizers to compensate for a decline in local agricultural
production can increase algal blooms and hence the risk of
cholera or shellfish poisoning; or the relocation of populations
from drought-stricken areas might introduce them to unfamil-
iar pathogens (or introduce their unfamiliar pathogens).

Human Population Health

Neither the scope of this chapter nor available scientific knowl-
edge allows comprehensive consideration of these issues.

18.1.3. Sensitivities and Thresholds

Forecasting health impacts requires knowledge of, first, the
sensitivity of change in population health status in response to
climate change and, second, of any associated thresholds.
“Sensitivity” refers to the rate of change in health outcome per
unit change in climate (however defined), whereas “threshold”
refers to a sudden change in slope or curvature in that dose-
response graph (e.g., a certain amount of climate change may
be tolerated before an impact on some particular health out-
come occurs).

Although there is only limited information on the sensitivities
and thresholds of human health response to climate change,
some illustrative comments can be made:

e The impact of thermal stress depends on physiological
tolerance thresholds being exceeded (see Section
18.2.1). For example, most studies of heat-related mor-
tality show that increased mortality occurs only after a
critical temperature has been exceeded for a certain
duration. This critical temperature varies geographical-
ly, reflecting socioeconomic differences, physiological
acclimatization, and cultural-technical adaptation.

e Infectious disease pathogens and insect pests are nor-
mally constrained by bioclimatic thresholds. That is,
there is a range of climatic conditions with upper and
lower thresholds within which a population of organ-
isms is viable (Dobson and Carper, 1993). These
thresholds account for seasonal and longer-term fluc-
tuations in the distribution and abundance of most
organisms. The uncoupling, by climate change, of
previously stable ecological relationships between
species would reveal other thresholds as population
imbalances pass critical points.

e Changes in the distribution of organisms (e.g., mos-
quitoes) that spread vector-borne diseases (e.g.,
malaria) would occur if climate change causes their
geographic range to shift. This shift would reflect the
critical thresholds of temperature, precipitation, and
humidity (i.e., the bioclimatograph) for vector matu-
ration and persistence. For example, the range of
Plasmodium vivax malaria is limited because the par-
asite cannot develop inside its mosquito host at tem-
peratures below 14-16°C (Gilles, 1993). Further,
blood-feeding arthropods feed and reproduce only
above certain temperatures and need less time to com-
plete their life cycle as temperatures increase above
that threshold (Curto de Casas and Carcavallo, 1984,
Burgos et al., 1994). Threshold effects also apply to
the life cycle of the infecting parasite.

e Some animal and plant populations would be unable
to migrate or adapt behaviorally to climate change, in
part because of constraints imposed by non-climate
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variables such as day-length and soil type. Other
species with either migratory or dispersive activity
(particularly arthropod and weed pests in agriculture
and disease vectors that affect human health) would
cope with the shifts in climate zones. Humans gener-
ally would be less sensitive to changes in background
climate because of their capacity to adapt via culture,
technology, migration, and behavior.

e The sensitivity of health-outcome response depends
on population susceptibility. For example, the impact
of a climate-related increase in exposure to infectious
agents would depend on prior contact (i.e., herd immu-
nity), on general biological resilience (especially nutri-
tional and immune status), and on population density
and patterns of interpersonal contact. Social infra-
structure and health-care resources also would condi-
tion the impact. In general, the most vulnerable popu-
lations or communities would be those living in pover-
ty, with a high prevalence of undernutrition, chronic
exposure to infectious disease agents, and inadequate
access to social and physical infrastructure.

Table 18-1 lists illustrative examples of the relative sensitivity
of selected human health responses to key aspects of climate
change. It also summarizes what is known about thresholds in
those responses. Further, the “conditionality” of response (i.c.,
the extent to which it is modulated by other influences) is indi-
cated. This latter criterion is important: Many factors (includ-
ing the intrinsic vulnerability of the local population) influence
the determination of health status, and many of these would
condition the health impact of climate change.

Further, many of the impacts of climate change would depend
on parameters other than the central changes in mean values.
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For example, weather variability would be important for
extreme events; rates of change would influence the production
in ecosystems (e.g., agriculture and fisheries); and the ecology
of infectious disease vectors is sensitive to many aspects of cli-
mate, including changes in the day-night differential in tem-
perature. These aspects of climate change would vary in their
relative importance for different health impacts, as illustrated
in Table 18-2. However, information on such details is still
rather incomplete.

18.1.4. Major Trends in World Health: Backdrop to
Climate Change Impacts

Information about levels and time trends in specific health out-
comes facilitates both the prediction and the appraisal of the
health impacts of climate change. For example, patterns of
malaria and malnutrition are changing around the world in
response to various other changes in social, biological, and
ecological circumstances. Any predicted impact of climate
change upon such health outcomes should be assessed either
by differentiating that impact from those of other independent
background trends or, if appropriate, by assessing its interac-
tive impact with those other, coexisting influences.

The main contemporary features of world health (World Bank,
1993; Murray and Lopez, 1994) are as follows: (1) near-world-
wide increases in life expectancy [with the ex-Eastern Bloc
countries standing in sharp recent contrast (Feachem, 1994)],
(2) a decline in infant and child mortality in most developing
countries, (3) persistent gradients in health status between rich
and poor (within and between populations), (4) reductions in
certain vaccine-preventable diseases (e.g., polio and measles),
(5) increases in the chronic noninfectious diseases of adult life

Table 18-1: Examples of important aspects of the relationship of selected health outcomes to climate change.

Health Outcome Sensitivity?2 ~ Conditionality® Thresholds
Climate Stress/Mortality +++ ++ Temperature 33°C¢
Climate Stress/Morbidity +
Allergy ++ ++ Not applicable
Asthma + + Not applicable
Vector-Borne Diseases ++(+) ++++ Temperature isotherms and humidity levels
(malaria, yellow fever, dengue, (bioclimatic functions)
onchocerciasis, encephalitis)d e.g., 10°C: Ae. mosquito, 14-16°C: P. vivax parasite
Other Infectious Diseases +(++) Temperature thresholds for algal and bacterial

(e.g., cholera)

proliferation in sea- and freshwater—optimal ranges

++++ = great effect, + = small effect, (+) = possible additional effect
a Extent of change in health outcome per unit change in climate (equivalent to “slope” of regression line).
b Extent to which sensitivity depends on preceding and coexistent circumstances (i.e., notions of vulnerability/susceptibility

and interactive effects).

¢ Based principally on northeastern U.S. data. Critical temperature depends on local climate and population acclimatization.

d See also Table 18-3.
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Table 18-2: Probable relative impact on health outcomes of the aspects of climate change.

Aspects of Climate Change

Change in Mean Extreme Rate of Change Day-Night

Health Outcome Temperature Events of Climate Variable Difference
Heat-Related Deaths and Illness +++ +
Physical and Psychological Trauma due to Disasters 4+
Vector-Borne Diseases +++ ++ + ++
Other Infectious Diseases + +
Food Availability and Hunger ++ + ++
Consequences of Sea-Level Rise ++ ++ +
Respiratory Effects

— Air Pollutants + ++ +

— Pollens, Humidity ++
Demographic Disruption ++ + +

Notes: ++++ = great effect, + = small effect; empty cells indicate no known relationship.

(especially heart disease, diabetes, and certain cancers) in
urban middle classes in rapidly developing countries, and (6)
widespread increases in HIV infection. Rates of disease and
death from cigarette smoking are likely to escalate markedly in
many countries over the coming decades, as the tobacco indus-
try takes advantage of freer trade and market-based economies
(Peto et al., 1994). In many urban populations, drug abuse and
violence are increasing.

There appears to be a widespread increase in the tempo of new
and resurgent infectious diseases (Levins et al., 1994). This pri-
marily reflects the combination of environmental and demo-
graphic changes in the world, plus increases in antibiotic and
drug resistance, pesticide resistance, and decreased surveil-
lance (Morse, 1991; CDC, 1994a). The interaction of local cli-
mate change with other disruptions of ecosystems may have
facilitated various infectious disease outbreaks: the emergence
of rodent-borne hantavirus pulmonary syndrome in the United
States during 1992-3; various rodent-borne arenaviruses in
Africa and South America; the spread of harmful algal
blooms—and its association with cholera (which is now affect-
ing more nations worldwide than at any earlier time this centu-
ry); the rapid resurgence of dengue in the Americas since 1981;
and the occurrence of dengue and malaria at higher altitudes
than previously recorded (Levins et al., 1994).

Many other important influences on population health are
changing over time. For example, new vaccines are being devel-
oped, and existing ones are being used more widely; contracep-
tion is becoming more widely used, with benefits to maternal
and child health; and safe drinking water is becoming available,
albeit slowly, to an increasing proportion of householders in
poorer countries. Other adverse effects (from cigarettes, drugs,
urban traffic, social breakdown, violence, etc.) are increasing
widely, and persistent widespread poverty remains a major
structural impediment to improved health (WHO, 1995a).
Against this complex balance sheet, it is inevitably difficult to
estimate the likely net impact on population health status after
the additional inclusion of climate change.

18.2. Potential Direct Health Impacts of Climate Change

The direct effects of climate change upon health result from
changes in climate characteristics or short-term weather
extremes that impinge directly on human biology. The following
subsections deal with the health impacts of thermal stress and
extreme weather events.

18.2.1. Health Impacts of Altered Patterns of Thermal Stress

Many studies, particularly in temperate countries, have observed
a J-shaped relationship (often more generally referred to as a U-
shaped relationship) between daily outdoor temperature and
daily death rate: Mortality is lowest within an intermediate com-
fortable temperature range. The graph is not symmetrical; the
death rate increases much more steeply with rising temperatures,
above this comfort zone, than it does with falling temperatures
below that zone (Longstreth, 1989; Kalkstein, 1993; Kunst ez al.,
1993; Touloumi et al., 1994). Relatedly, death rates in temperate
countries appear to be affected across a wider band of decreas-
ing, cold, temperatures than that for increasing, hot, temperatures
(Kilbourne, 1992; Kunst et al., 1993). Because death rates in
temperate and subtropical zones are higher in winter than in
summer (Kilbourne, 1992), it is a reasonable expectation that
milder winters in such countries would entail a reduction in cold-
related deaths and illnesses. However, since summer-related
deaths appear to be more related to temperature extremes than
are winter-related deaths, this reduction may not fully offset the
heat-related increases. Further, this balance of gains and losses
would vary among geographic regions and different populations.
The issue of balance is examined further later in this section.

Quantitative interpretation of the impacts of altered daily-tem-
perature distribution also is hampered by the fact that, for both
heat-related and cold-related deaths, many of the apparent
excess deaths occur in already-vulnerable persons (especially
the elderly and the sick). Some analyses indicate that, in the
absence of extreme temperatures, many of those persons would
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have died in the near future. This “mortality displacement”
issue also will be considered further.

Global warming is predicted to increase the frequency of very
hot days (see Chapter 6, Climate Models—Projections of Future
Climate, of the IPCC Working Group I volume). The frequen-
cy of such days in temperate climates (e.g., USA, UK,
Australia) would approximately double for an increase of
2-3°C in the average summer temperature (e.g., CDC, 1989;
Climate Change Impacts Review Group UK, 1991). Extensive
research has shown that heat waves cause excess deaths
(Weihe, 1986; Kilbourne, 1992). Recent analyses of concurrent
meteorological and mortality data in cities in the United States,
Canada, the Netherlands, China, and the Middle East provide
confirmatory evidence that overall death rates rise during heat
waves (Kalkstein and Smoyer, 1993; Kunst et al., 1993), par-
ticularly when the temperature rises above the local popula-
tion’s threshold value. Therefore, it can be predicted confi-
dently that climate change would, via increased exposure to
heat waves, cause additional heat-related deaths and illnesses
(Kalkstein, 1993; Haines et al., 1993).

The effect of extreme heat on mortality is exacerbated by low
wind, high humidity, and intense solar radiation (Kilbourne,
1992). Indeed, these meteorological elements can be treated
synoptically, to evaluate the net impact of weather on human
health. For example, recent studies in the United States have
described “oppressive” air masses (analogous to the meteorol-
ogist’s “stagnating” air masses), which represent synoptic
meteorological situations that exceed physiological tolerance
levels. This approach recognizes that humans principally
respond to the umbrella of air that surrounds them rather than
to individual meteorological elements (Kalkstein, 1993). It also
should be noted that concurrent hot weather and air pollution
have interactive impacts on health (Katsouyanni et al., 1993;
see also Section 18.3.5).

Healthy persons have efficient heat regulatory mechanisms that
cope with increases in temperature up to a particular threshold.
The body can increase radiant, convective, and evaporative heat
loss by vasodilation (enlargement of blood vessels in the skin)
and perspiration (Horowitz and Samueloff, 1987; Diamond,
1991). Further, some acclimatization to persistent oppressive
weather conditions can occur within several days (Kilbourne,
1992). Nevertheless, the risk of death increases substantially
when thermal stress persists for several consecutive days
(Kalkstein and Smoyer, 1993). The elderly and very young are
disproportionately affected because of their limited physiologi-
cal capacity to adapt. Although some individuals die from heat
exhaustion or heatstroke, the deaths associated with very hot
weather are predominantly associated with preexisting cardio-
vascular and respiratory disorders, as well as accidents (Larsen,
1990a, 1990b). Although there is less evidence on nonfatal ill-
ness episodes, it is a reasonable general assumption that thermal
stress also increases rates of morbidity.

Socioeconomic factors may have important modulating effects
on thermal stress-related mortality. From studies in the United

569

States, the extent of protection from air conditioning remains
unclear (Ellis and Nelson, 1978; Larsen, 1990a; Rogot et al.,
1992; Kalkstein, 1993). Of more general importance, people
living in poverty, including segments of many urban popula-
tions in developing countries, are particularly vulnerable to
heat stress. Poor housing, the urban heat island effect, and lack
of air conditioning are among the primary causes (Kilbourne,
1989). Complete acclimatization may take up to several years
(Babeyev, 1986), rendering immigrants (e.g., rural-to-urban)
vulnerable to weather extremes for a considerable time.
Ongoing rapid increases in urbanization (see Chapter 12) will
increase the number of vulnerable persons.

The question in relation to the abovementioned notion of “mor-
tality displacement” is: Would some of those who die during
heat waves have succumbed soon afterward from preexisting
frailty or disease (Kalkstein, 1993; U.S. EPA, in press)?
Various time-series analyses indicate a “deficit” in daily deaths
for up to a month after heat waves (e.g., Figure 18-2),and U.S .-
based research suggests that 20—40% of the deaths occurring
during heat waves would have occurred within the next few
weeks (Kalkstein, 1993). A related uncertainty is whether, as
the frequency of heat waves increases, the mortality excess
remains constant or whether, as some research suggests, suc-
cessive heat waves entail a progressive lessening of the associ-
ated mortality peak.

Kalkstein (1993) made predictions of heat-related mortality for
selected urban populations in North America, North Africa,
and East Asia in relation to IPCC-specified climate-change
scenarios. This entailed, first, identifying for each population
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Figure 18-2: Daily summer mortality during a New York heatwave,
1966 (Kalkstein, 1993).
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setting the synoptic weather situations that are “oppressive”
(i.e., exceed physiological tolerance levels). The annual num-
ber of oppressive synoptic situation days was then predicted
for the climate-change scenarios, and the annual total of asso-
ciated excess deaths was estimated. Model-based predictions
of the numbers of additional deaths attributable to heat during
a typical summer in a future warmer world were thus obtained.
Two sets of predicted mortality increases were made: one
assuming that the population does not acclimatize and the other
assuming partial acclimatization (i.e., complete physiological
acclimatization but without improved socioeconomic condi-
tions such as the development of more protective housing).

Consider the population of Atlanta, for example. Presently,
Atlanta experiences an average of 78 heat-related deaths each
summer. Under the climate projections of the Geophysical Fluid
Dynamics Laboratory (GFDL) 1989 (transient) climate-change
model, and assuming no change in population size or age pro-
file, this number would increase to 191 in the year 2020 and to
293 in the year 2050. If population acclimatization occurs, the
annual total would increase less, to 96 and 147 in those two
years. Under the UKTR (transient) model run, the correspond-
ing four projections of heat-related mortality are 20-40% high-
er than for the GFDL model run: 247 and 436 deaths (unaccli-
matized, 2020 and 2050) and 124 and 218 deaths (acclimatized,
2020 and 2050). These and other results for selected North
American cities, Shanghai, and Cairo indicate that the annual
number of heat-related deaths would, very approximately, dou-
ble by 2020 and would increase several-fold by 2050. Thus, in
very large cities with populations displaying this type of sensi-
tivity to heat stress, climate change would cause several thou-
sand extra heat-related deaths annually.

As mentioned earlier, the seasonal death rates in developed
countries are highest in winter (Kilbourne, 1992; Tan, 1994). In
temperate-zone countries, death rates increase particularly dur-
ing periods of severe winter weather. However, no single study
has yet been published that allows a direct comparison of the
anticipated winter gains and summer losses that would accom-
pany global warming. A substantial proportion of winter-related
deaths are from cardiovascular disease (Kunst ez al., 1993;
Langford and Bentham, 1995). It is likely that this increased
risk of cardiovascular disease reflects an increased cold-induced
tendency for blood to clot (Keatinge et al., 1989), perhaps exac-
erbated by the fibrinogen-enhancing effect of winter respirato-
ry infections (Woodhouse et al., 1994). The relative importance
of respiratory infections and cardiovascular diseases to antici-
pated reductions in mortality, and how these would vary geo-
graphically, remains uncertain. One recent British study has
forecast that approximately 9,000 fewer winter-related deaths
(estimated to represent a reduction of 2-3%) would occur annu-
ally by the year 2050 in England and Wales, under typical cli-
mate-change scenarios that entail 2-2.5°C wintertime increases
(Langford and Bentham, 1995). Just over half the avoided deaths
would be from ischaemic heart disease and stroke, with chronic
bronchitis and pneumonia each contributing 5-10%. Other
researchers have concluded that a significant portion of the over-
all winter-related mortality is due to respiratory infections such as

Human Population Health

influenza (Curwen, 1991). Since these respiratory infections
depend upon aerosol transmission—usually in confined, poorly
ventilated places—a small rise in winter temperatures should
reduce this risk if it encouraged outdoor activities and improved
ventilation. However, annual influenza outbreaks do not appear
to correlate with mean winter or monthly temperature (CDC,
1994b; Langford and Bentham, 1995).

Overall, the sensitivity of death rates to hotter summers is like-
ly to be greater than to the accompanying increase in average
winter temperature. The overall balance is difficult to quantify,
and also would depend on the population’s capacity for adap-
tive responses. However, research to date suggests that global
warming would, via an increased frequency of heat waves,
cause a net increase in mortality and associated morbidity. This
conclusion must be qualified by noting that there is an imbal-
ance in the published research—most of which refers to devel-
oped, non-tropical, countries.

18.2.2. Health Impacts of Weather Variability
and Extreme Events

Global warming may affect ocean currents, air currents, and
atmospheric humidity (see Chapter 6, Climate Models—
Projections of Future Climate, of the IPCC Working Group I
volume). Any consequent changes in weather variability may
alter the frequency and severity of extreme weather events:
bushfires, droughts, floods, storms, and landslides (Gordon et
al., 1992; Meehl et al., 1992). However, some of these relation-
ships remain uncertain (e.g., for tropical cyclones; see Lighthill
et al., 1994) and have proven difficult to model with GCMs.
Such events increase deaths, injuries, infectious diseases, stress-
related disorders, and the many adverse health effects associat-
ed with social disruption, environmentally enforced migration
(Myers, 1993), and settlement in urban slums. Health impacts
would be greatest on those communities that are most exposed
and have the fewest technical and social resources.

Low-lying, poorly resourced populations would be particular-
ly vulnerable to an increase in frequency of storms and storm
surges. In the 1970 Bangladesh cyclone, mortality varied from
around 5% inland to almost 50% in coastal communities.
Widespread destruction of food supplies may also occur; in
1970, two-thirds of fishing activities along the coasts and
plains in Bangladesh were destroyed, along with 125,000 ani-
mals (Alexander, 1993). In Andhra Pradhesh, India, in 1970,
many victims died when wind and rain caused the collapse of
houses (Sommer and Mosely, 1972).

Flash floods and landslides (see Chapter 12) would increase in
frequency in regions experiencing increased torrential rainfall.
Heavy rains can erode soil, thereby impairing agricultural pro-
ductivity. Flooding also can affect the incidence of vector-
borne diseases. On the one hand, flood waters may wash away
mosquito eggs/larvae; on the other hand, residual water may
increase mosquito populations and consequent infectious dis-
eases. In southeastern Australia, epidemics of Ross River virus
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infection follow heavy rains in the Murray-Darling basin
(Nicholls, 1993). Flooding also may affect the transmission of
diarrheal diseases: In Bolivia, for example, flooding associated
with El Nino in 1983 led to a 70% increase in salmonella infec-
tions, particularly in children (Telleria, 1986).

Flash flooding is a leading cause of weather-related mortality in
the United States (French and Holt, 1989). Damage to homes and
displacement of residents may facilitate the spread of infectious
diseases because of crowded living conditions. Flooding can con-
taminate water sources with fecal material or toxic chemicals.
Flooding also increases runoff from agricultural lands and urban
stormwater systems (Thurman et al., 1991, 1992). Water
resources thus are contaminated by toxic chemical wastes, agri-
cultural chemicals, and pathogens (e.g., Cryptosporidium).
Hazardous exposure may arise from contaminated drinking water
and from edible fish that bioaccumulate contaminants.

The many psychosocial effects of natural disasters have been
studied in survivors of storms, floods, earthquakes, and fires
(e.g., Gregg, 1989). Severe disturbance (including “post-trau-
matic stress disorder”) usually affects only a minority, many of
whom recover (de Girolamo and McFarlane, 1994) —although
children in affected families may show developmental prob-
lems over the ensuing years (Titchener and Frederic, 1976).
The level of psychological impact may depend upon the sud-
denness and unexpectedness of the impact, the intensity of the
experience, the degree of personal and community disruption,
and long-term exposure to the visual signs of the disaster
(Green, 1982; Green et al., 1991). Data from disasters in devel-
oping countries are sparse, but a follow-up study after the dis-
astrous 1988 floods in Bangladesh showed increased behav-
ioral disorders in young children (Durkin et al., 1993).

Two final comments on extreme events are appropriate here.
First, a major effect of extreme climatic events on human health
has been malnutrition and starvation due to severe drought and
its consequences (Escudero, 1985). This, in turn, causes
increased susceptibility to infection (Tomkins, 1986). Second,
there is evidence that environmental degradation, unequal
access to resources, and population growth may be potent fac-
tors in provoking conflict (Homer-Dixon et al., 1993). By
affecting water and food supply, climate change could increase
the possibility of violent conflicts in a number of regions.

18.3. Potential Indirect Health Impacts of Climate Change
The indirect effects of climate change upon health are those
that do not entail a direct causal connection between a climat-
ic factor (such as heat, humidity, or extreme weather event) and
human biology.

18.3.1. Vector-Borne Diseases

The transmission of many infectious diseases is affected by cli-
matic factors. Infective agents and their vector organisms are
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sensitive to factors such as temperature, surface water, humid-
ity, wind, soil moisture, and changes in forest distribution
(Bradley, 1993). This applies particularly to vector-borne dis-
eases (VBDs) like malaria, which require an intermediate
organism such as the mosquito to transmit the infective agent.
It is therefore projected that climate change and altered weath-
er patterns would affect the range (both latitude and altitude),
intensity, and seasonality of many vector-borne and other
infectious diseases. In general, increased warmth and moisture
would enhance transmission of these diseases. However, any
such climate-related redistribution of disease may also entail —
perhaps in conjunction with other environmental stresses—
some localized reductions in rates of infection.

The sustained (or endemic) transmission of VBDs requires
favorable climatic-environmental conditions for the vector, the
parasite, and, if applicable, the intermediate host species. For
vectors with long life spans (e.g., tsetse flies, bugs, ticks), vec-
tor abundance is a major determinant of disease distribution;
arthropods that transmit VBDs generally thrive in warmth and
moisture. For vectors with short life spans (e.g., mosquitoes,
sandflies, blackflies), the temperature-sensitive extrinsic matu-
ration period of the parasite is of critical importance. The geo-
graphic distributions of many of the parasites, both unicellular
(protozoa) and multicellular (e.g., flukes and worms), correlate
closely with temperature (Gillet, 1974; Shope, 1991). The geo-
graphic distributions of vector-borne viral infections, such as
dengue and yellow fever, are affected by temperature and sur-
face water distribution. For many VBDs, such as plague and
hantavirus, rodents act as intermediate infected hosts or as
hosts for the arthropod vector (Wenzel, 1994); rodent activity
would also tend to increase in a warmer world (Shope, 1991).

In tropical countries, VBDs are a major cause of illness and
death. For the major VBDs, estimates of numbers of people at
risk and infected, and of VBD sensitivity to climate change, are
shown in Table 18-3. While the potential transmission of many
such diseases would increase (geographically or from seasonal
to year-round) in response to climate change, the capacity to
control these diseases also will change. New or improved vac-
cines can be expected; some vector species can be constrained
by use of pesticides. Nevertheless, there are uncertainties and
risks here, too: for example, long-term pesticide use breeds
resistant strains and kills many predators of pests.

18.3.1.1. Malaria

Malaria remains a huge global public-health problem, currently
causing around 350 million new infections annually, predomi-
nantly in tropical countries. Malaria is caused by an infective par-
asite (plasmodium) transmitted between humans by a mosquito
vector. Its incidence is affected by temperature, surface water, and
humidity (Gill, 1920a, 1920b; Sutherst, 1983). Although anophe-
line mosquito species that transmit malaria do not usually survive
where the mean winter temperature drops below 16-18°C, some
higher-latitude species are able to hibernate in sheltered sites.
Sporogonic development (i.e., the extrinsic incubation phase of
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Table 18-3: Major tropical vector-borne diseases and the likelihood of change of their distribution with climate change.

Number of
People Currently

Likelihood
of Altered

Population at Infected or New Present Distribution with
Disease Vector Risk (million)? Cases per Year Distribution Climate Change
Malaria Mosquito 2,400 300-500 million Tropics/Subtropics +++
Schistosomiasis Water Snail 600 200 million Tropics/Subtropics ++
Lymphatic Filariasis ~ Mosquito 1,094¢ 117 million Tropics/Subtropics +
African Tsetse Fly 55d 250,000-300,000 Tropical Africa +
Trypanosomiasis cases per year
(Sleeping Sickness)
Dracunculiasis Crustacean 100¢ 100,000 per year South Asia/ ?
(Guinea Worm) (Copepod) Arabian Peninsula/
Central-West Africa
Leishmaniasis Phlebotomine 350 12 million infected, Asia/Southern +
Sand Fly 500,000 new Europe/Africa/
cases per year! Americas
Onchocerciasis Black Fly 123 17.5 million Africa/Latin America ++
(River Blindness)
American Triatomine 1008 18 million Central and +
Trypanosomiasis Bug South America
(Chagas’ disease)
Dengue Mosquito 1,800 10-30 million per year  All Tropical Countries ++
Yellow Fever Mosquito 450 <5,000 cases per year Tropical South ++

America and Africa

+ = likely, ++ = very likely, +++ = highly likely, ? = unknown.

2Top three entries are population-prorated projections, based on 1989 estimates.

PWHO, 1995b.

¢Michael and Bundy, 1995.
dWHO, 1994a.

¢Ranque, personal communication.

fAnnual incidence of visceral leishmaniasis; annual incidence of cutaneous leishmaniasis is 1-1.5 million cases/yr (PAHO, 1994).

EWHO, 1995c.

the plasmodium within the mosquito) ceases below around 18°C
for Plasmodium falciparum and below 14°C for P. vivax. Above
those temperatures, a small increase in average temperature
accelerates the parasite’s extrinsic incubation (Miller and Warrell,
1990). Temperatures of 20-30°C and humidity above 60% are
optimal for the anopheline mosquito to survive long enough to
incubate and transmit the parasite.

Until recent decades, parts of today’s developed world were malar-
ious. These included the United States, southern Europe, and north-
ern Australia. In the last century, outbreaks of P. vivax malaria

occurred in Scandinavia and North America. Although climate
change would increase the potential transmission of malaria in
some temperate areas, the existing public-health resources in those
countries—disease surveillance, surface-water management, and
treatment of cases—would make reemergent malaria unlikely.
Indeed, malaria is most likely to extend its spread (both latitude
and altitude) and undergo changes in seasonality in tropical coun-
tries, particularly in populations currently at the fringe of estab-
lished endemic areas (Martens et al., 1994). Newly affected pop-
ulations would initially experience high case fatality rates because
of their lack of natural acquired immunity.
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Box 18-1. Examples of Modeling the Future Impact of Climate Change upon Malaria

Mathematical models have been recently developed for the quantitative prediction of climate-related changes in the poten-
tial transmission of malaria (e.g., Sutherst, 1993; Matsuoka and Kai, 1994; Martin and Lefebvre, 1995). Note the use of the
important word “potential” here; the models are primarily predicting where malaria could occur as a function of climate and
associated environment, irrespective of the influence of local demographic, socioeconomic, and technical circumstances.

A simple model has been used for Indonesia, based on empirical historical data from selected provinces on the relation-
ship of annual average temperature and total rainfall to the incidence of malaria (and dengue and diarrhea) (Asian
Development Bank, 1994). The model forecasts that annual malaria incidence (currently 2,705 per 10,000 persons)
would, in response to the median climate-change scenario, increase marginally by 2010 and by approximately 25% by
2070. Because of the limited technical information, it is not easy to appraise these particular forecasts.

A more complex integrated global model has been developed by Martens et al. (1994). This model takes account of how
climate change would affect the mosquito population directly—i.e., mosquito development, feeding frequency, and
longevity —and the incubation period of the parasite inside the mosquito (see Figure 18-3). As a highly aggregated
model, it does not take account of local environmental-ecological factors, and it therefore cannot be regarded as a source
of precise projections. The model’s output refers to geographic changes in potential transmission (i.e., the range within
which both the mosquito and parasite could survive with sufficient abundance for sustained transmission of malaria).
This is not, therefore, a projection of actual disease incidence, and it must be interpreted in relation to local control mea-
sures, health services, parasite reservoir, and mosquito densities. Further, until such models have been validated against
historical data sets, their predictions must be viewed cautiously.

Climate System N
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1 1
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Malaria System
Mosquito System :]

mosquito subsystem  variable in model
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Figure 18-3: Systems diagram of a model designed to assess the impact of climate change on the potential transmission of
malaria (adapted from Martens et al., 1994).

This particular model predicts widespread increases in the potential habitat range and the “vectorial capacity” of the
mosquito, and therefore potential malaria transmission, in response to climate change. For example, using GCM predic-
tions of 3-5°C increases in global mean temperature by the year 2100, the malaria epidemic potential of the mosquito
population is estimated to increase twofold in tropical regions and substantially more than tenfold in temperate climates
(Martens et al., 1995a). Overall, there is an increase from around 45% to around 60% of the world population living
within the potential malaria transmission zone by the latter half of the next century. However, most of the developed
countries have effective control and surveillance measures that should preclude reintroduction of endemic malaria. In
the already endemic areas, especially in the subtropics, malaria may increase (although in some hot climates, further
temperature increases may shorten the life span of mosquitoes, and local malaria transmission would then decrease). In
particular, in adjoining areas of lower endemicity or unstable malaria, the occurrence of infection is far more sensitive
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Box 18-1 (continued)

to climate variation, so climate change may have a marked effect on its incidence and stability. Simulations with this
model, using several different GCMs, predict a climate-induced increase in the incidence of annual malaria cases of
approximately 50—-80 million in response to a temperature rise of around 3°C by the year 2100, relative to an assumed
approximate base of 500 million annual cases in a 2100 world without climate change (Martens et al., 1995b).

Another recent attempt at aggregated global modeling (Martin and Lefebvre, 1995) has predicted that potential malaria
transmission would spread to higher latitudes, while some currently stable endemic areas near the equator would become
unstable, leading to reductions in population immunity levels.

Such models, despite their highly aggregated predictions and simplifying assumptions, provide indicative information
about the likely impact of climate change on the potential transmission of vector-borne diseases (assuming that other rel-
evant factors remain constant). There is a clear need for validation of these models and for incorporating more extensive
detail into them. Meanwhile, this line of research has begun to elucidate the interdependent relationships among climate
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change, vector population dynamics, and human disease dynamics.

Recent evidence of the responsiveness of malaria incidence to
local climate change comes from observations of marked
increases in malaria incidence in Rwanda in 1987, when atyp-
ically hot and wet weather occurred (Loevinsohn, 1994), and
annual fluctuations in falciparum malaria intensity in northeast
Pakistan that correlated with annual temperature variations
during the 1980s (Bouma et al., 1994). Hence, it is a reason-
able prediction that, in eastern Africa, a relatively small
increase in winter temperature could extend the mosquito habi-
tat and thus enable falciparum malaria to reach beyond the
usual altitude limit of around 2,500 m to the large, malaria-
free, urban highland populations, e.g., Nairobi in Kenya and
Harare in Zimbabwe. Indeed, the monitoring of such popula-
tions around the world, currently just beyond the boundaries of
stable endemic malaria, could provide early evidence of cli-
mate-related shifts in malaria distribution (Haines et al., 1993).

18.3.1.2. African Trypanosomiasis

African trypanosomiasis, or “sleeping sickness,” is transmitted
by tsetse flies. The disease is a serious health problem in trop-
ical Africa, being generally fatal if untreated. Research in
Kenya and Tanzania shows only a very small difference in
mean temperature between areas where the vector, Glossina
morsitans, does and does not occur. This indicates that a small
change in temperature may significantly affect the limits of the
vector’s distribution (Rogers and Packer, 1993).

18.3.1.3. American Trypanosomiasis (Chagas’ Disease)

American trypanosomiasis is transmitted by insects of the sub-
family Triatominae. It is a major problem in Latin America,
with 100 million people at risk and 18 million infected (WHO,
1995c¢). An estimated 15-20% of infected people develop clin-
ical Chagas’ disease. Most of the triatomine vector species
need a minimum temperature of 20°C for feeding and repro-
duction (Curto de Casas and Carcavallo, 1984), but at higher

temperatures (28-30°C) they feed more frequently, have a
shortened life cycle, and an increased population density
(Carcavallo and Martinez, 1972, 1985). At even higher tem-
peratures, the most important vector species, Triatoma infes-
tans, doubles its reproductive rate (Hack, 1955).

18.3.14. Schistosomiasis

Schistosomiasis is a water-based disease caused by five species
of schistosomal flukes. Water snails act as the intermediate
host (and, strictly speaking, are not active “vectors”). The
infection has increased in worldwide prevalence since mid-
century, perhaps largely because of the expansion of irrigation
systems in hot climates, where viable snail host populations
interact with infected humans (White et al., 1972; Grosse,
1993; Hunter et al., 1993).

Data from both the field and the laboratory indicate that tem-
perature influences snail reproduction and growth, schistosome
mortality, infectivity and development in the snail, and human-
water contact (Martens et al., 1995b). In Egypt, for example,
water snails tend to lose their schistosome infections during
winter, but if temperatures increase, snails may mediate schis-
tosomiasis transmission throughout the year (Gillet, 1974;
WHO, 1990). Predictive modeling indicates that a change in
background temperatures may cause the infection to extend to
currently unaffected regions. Fluctuations in temperature may
also play an important role in optimizing conditions for the
several life-cycle stages of schistosomiasis (Hairston, 1973).

18.3.1.5. Onchocerciasis (River Blindness)

Onchocerciasis, or “river blindness,” is a VBD affecting approx-
imately 17.5 million people—some in Latin America, most in
West Africa. The vector is a small blackfly of the genus
Simulium, and the infectious agent is the larva of the Onchocerca
volvulus parasite. This threadlike worm damages the skin, the
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lymphatic system, and, in the most extreme cases, the eye.
Climate affects the occurrence of onchocerciasis because the
vector requires fast-flowing water for successful reproduction
(WHO, 1985), and the adult vector can be spread by wind.

A recent simulation study on the potential impact of climate
change on blackfly populations in West Africa showed that if
temperature and precipitation were to change across parts of
the sub-Sahel, as predicted by the Goddard Institute for Space
Studies (GISS) GCM (Hansen et al., 1988), blackfly popula-
tions may increase by as much as 25% at current breeding sites
(Mills, 1995). Since these vectors can travel hundreds of kilo-
meters on wind currents, new habitats in previously unsuitable
areas could be quickly colonized by blackflies, introducing
onchocerciasis into new areas (Garms et al., 1979; Walsh et al.,
1981; WHO, 1985).

18.3.1.6. Trematode Infections

Some trematode infections, such as fascioliasis (a liver fluke that
currently affects around 2.4 million persons), would be affected
by climate changes because the life cycle and population size of
the snail host are very sensitive to temperature. Similarly, the
incidence of cercarial dermatitis (skin inflammation) would be
increased at higher temperatures. This infection is currently
found in Europe (Beer and German, 1994) and the United States
(CDC, 1992), where it causes “swimmer’s itch”; its incidence
has recently increased in Russia (Beer and German, 1993) and in
very poor rural communities in developing countries.

18.3.1.7. Vector-Borne Viral Infections

Many vector-borne infective agents are viruses. The human-
infecting arboviruses (i.e., arthropod-borne viruses) generally
have a mosquito vector. Arboviral infections span a wide clin-
ical spectrum, from those that cause mild feverish illness or
subclinical infections to those causing severe and often fatal
encephalitis (brain inflammation) or hemorrhagic fever. Under
favorable environmental conditions, an arboviral disease can
become epidemic (population-wide), from a local endemic
base or by its introduction to a previously unaffected area. The
distribution and abundance of vectors are influenced by vari-
ous physical factors (temperature, rainfall, humidity, and wind)
and biological factors (vegetation, host species, predators, par-
asites, and human interventions) (WHO, 1990). Temperature
also affects the rapidity of the virus’ life cycle—e.g., the extrin-
sic incubation period for the mosquito-hosted stage of the yel-
low fever virus varies from several weeks to 8-10 days,
depending on temperature.

Increased temperature and rainfall in Australia would influence
the range and intensity of various vector-borne viral infections.
For example, certain arthropod vectors and natural vertebrate
hosts would spread southward and proliferate in response to
warming and increased rain, resulting in increased incidence of
arboviral infections such as Murray Valley encephalitis (which
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can cause serious brain damage), Ross River virus (which
causes multiple, often long-lasting joint inflammation), and
dengue (e.g., Sutherst, 1993; Nicholls, 1993).

Dengue is a severe influenza-like disease, which in some cases
may take the form of a hemorrhagic fever, which can cause an
average of 15% mortality without proper medical attention.
Dengue is transmitted by the Aedes aegypti mosquito, as is
urban yellow fever. In parts of Asia, dengue also is transmitted
by Ae. albopictus, which now is colonizing North and South
America. Research in Mexico has shown that an increase of
3-4°C in average temperature doubles the rate of transmission
of the dengue virus (Koopman et al., 1991). Although there is
no clear evidence of regional climatic influence, annual epi-
demics of dengue have returned to Central America over the
past decade (as they did about twenty years ago in Asia), and,
in Mexico, dengue has recently spread to previously unaffect-
ed higher altitudes (Herrera-Basto et al., 1992). Ae. aegypti
mosquitoes, once limited to 1,000 meters altitude by tempera-
ture in Colombia, have been recently reported above 2,200
meters. The habitat of the mosquito is restricted to areas with a
mean midwinter temperature of more than 10°C. Epidemic
transmission of dengue is seldom sustained at temperatures
below 20°C (Halstead, 1990).

18.3.1.8. Other Vector-Borne Diseases

VBDs are now relatively rare in most developed countries;
however, it has been predicted that various VBDs might enter
or increase in incidence in the United States because of higher
temperatures (Longstreth, 1989; Freier, 1993; Martens et al.,
1994); Venezuelan equine encephalitis, dengue, and leishmani-
asis could extend into the southern United States; Western
equine encephalitis might move further north within the United
States (Reeves et al., 1994). The dengue-transmitting Ae.
albopictus mosquito, which is more cold-hardy than Ae. aegyp-
ti, is now well established in the United States and may extend
toward Canada if temperatures increase.

Climate change would influence the global pattern of VBDs
via other disturbances of ecological relationships. For example,
it would bring together vertebrate animals of different species
and would thereby expose animals to new arthropod vectors.
Warming (and rising sea levels) would displace some human
populations, perhaps resulting in migration into wilderness
areas where zoonotic infectious agents are being transmitted in
silent wildlife cycles. Migratory humans would thus be at risk of
infection with enzootic (i.e., locally prevalent animal-infecting)
agents. Climate-induced changes in ecology also could force
the rapid evolution of infectious agents, with newly emergent
strains of altered virulence or pathogenicity. Additionally,
changes in climate means and variability can disrupt predator/
prey ratios, thus loosening natural controls on pests and
pathogens.

Two other general points should be noted. First, because vec-
tor control methods exist for many of these diseases, developed
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countries should be able to minimize their impact. Second,
however, the quicker “turnover” of the life cycle of parasites at
higher temperatures will increase their likelihood of evolving
greater resistance to drugs and other control methods. This
would pose a particular problem to those tropical countries
with high infection rates and limited socioeconomic resources.

18.3.2. Water-Borne and Food-Borne Infectious Diseases

Climatic effects on the distribution and quality of surface
water—including increases in flooding and water shortages
that concentrate organisms, impede personal hygiene, and
impair local sewerage—would influence the risks of diarrheal
(including cholera) and dysentery epidemics, particularly in
developing countries. Diarrheal diseases can be caused by a
large variety of bacteria (e.g., Salmonella, Shigella, and
Campylobacter), viruses (e.g., Rotavirus), and protozoa (e.g.,
Giardia lamblia, amoebas, and Cryptosporidium). Many of
these organisms can survive in water for months, especially at
warmer temperatures, and increased rainfall therefore could
enhance their transport between groups of people. An
increased frequency of diarrheal disease is most likely to occur
within impoverished communities with poor sanitation. There
have been outbreaks of diarrheal disease after flooding in many
such settings. If flooding increased, there also would be risks
of outbreaks of infection in developed countries within tempo-
rary settlements of displaced communities.

The cholera organism, Vibrio cholerae, can survive in the
environment by sheltering beneath the mucous outer coat of
various algae and zooplankton—which are themselves
responsive to climatic conditions and to nutrients from waste-
water and fertilizers (Epstein, 1992; Smayda, 1990;
Anderson, 1992). Increases in coastal algal blooms may
therefore amplify V. cholerae proliferation and transmission.
This might also assist the emergence of new genetic strains of
vibrios. Algal blooms also are associated with biotoxin cont-
amination of fish and shellfish (Epstein ez al., 1993). With
ocean warming, toxins produced by phytoplankton, which are
temperature-sensitive, could cause contamination of seafood
more often (see also Chapter 16), resulting in increased fre-
quencies of amnesic, diarrheic and paralytic shellfish poison-
ing and ciguatera poisoning from reef fish. Thus, climate-
induced changes in the production of both aquatic pathogens
and biotoxins may jeopardize seafood safety for humans, sea
mammals, seabirds, and finfish.

Climate change also could create a problem via the warming of
aboveground piped-water supplies. In parts of Australia, for
example, there has been a seasonal problem of meningoen-
cephalitis caused by the Naegleria fowleri amoeba, which pro-
liferates in overland water pipes in summer (NHMRC, 1991).
Soil-based pathogens (e.g., the tetanus bacterium and various
fungi) would tend to proliferate more rapidly with higher tem-
perature and humidity, depending on the effectiveness of micro-
climatic homeostatic mechanisms. Higher temperatures would
also increase the problem of food poisoning by enhancing the
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survival and proliferation of bacteria, flies, cockroaches, and so
forth in foodstuffs.

18.3.3. Agricultural Productivity and Food Supplies:
Effects upon Nutrition and Health

Food, as energy and nutrients, is fundamentally important to
health. Malnutrition is a major cause of infant mortality, phys-
ical and intellectual stunting in childhood, and immune impair-
ment (thus increasing susceptibility to infections). Currently,
around one-tenth of the world’s population may be hungry
(Parry and Rosenzweig, 1993) and a larger proportion mal-
nourished —although estimates differ according to definition.

Human societies have evolved farming methods to counter var-
ious local climatic and environmental constraints on agricul-
ture, especially via irrigation, fertilization, mechanization, and
the breeding of better-adapted varieties. Today, as gains in per
capita agricultural productivity appear to be diminishing, wide-
spread land degradation accrues, and access to new arable land
is declining, the further possibility exists of adverse effects of
climate change upon aspects of world food production
(Houghton et al., 1990; Kendall and Pimentel, 1994). The
impacts of climate change upon crop and livestock yield would
be realized within a complex setting that encompasses climate
change scenarios, crop yield response, pest population
response, demographic trends, patterns of land use and man-
agement, and social and economic responses.

18.3.3.1. Modes of Climatic Impact upon
Agricultural Productivity

Global warming would alter regional temperature and rainfall.
Changes in these two major influences on agriculture, and con-
sequent reductions in soil moisture, could impair the growth of
many crops. Increases in the intensity of rainfall in some regions
would exacerbate soil erosion. The net global impact of these cli-
mate-related changes upon food production is highly uncertain
(Reilly, 1994). Although the IPCC assessment is uncertain about
the overall impact, it foresees productivity gains and losses in
different regions of the world (see Chapter 13). While produc-
tivity may increase initially, longer-term adaptations to sustained
climate change would be less likely because of the limitations of
plant physiology (Woodward, 1987).

Climate change also could affect agriculture by long-term
changes in agroecosystems, by an increased frequency and
severity of extreme events, and by altered patterns of plant dis-
eases and pest infestations (e.g., Farrow, 1991; Sutherst, 1991).
Debate persists over whether enrichment of the atmosphere with
carbon dioxide will have a “fertilization effect” (Idso, 1990b;
Bazzar and Fajer, 1992; Korner, 1993). Experiments consistent-
ly indicate that C; plants (e.g., wheat, soya beans, rice, and pota-
toes) would respond more positively than C, plants (e.g., millet,
sorghum, and maize), which would be unaffected (see Chapter
13). This effect may be temperature-dependent (Vloedbeld and
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Leemans, 1993). Such influences on the climatically optimal
mix of crop species would disturb patterns of traditional agricul-
ture in some regions.

18.3.3.2. Impacts upon Food Supplies, Costs,
and the Risk of Hunger

Since climate change may threaten food security in poorer
countries within the semi-arid and humid tropics (Rosenzweig
et al., 1993; see also Chapter 13), poorer countries, already
struggling with large and growing populations and marginal
climatic conditions, would be particularly vulnerable to food
shortages, malnutrition, and demographic disruption. In such
countries, there is minimal capacity for adaptive change
(Leemans, 1992). Already in Africa, more than 100 million
people are “food insecure,” many of them in the arid Sahel
region. The cost of food on world markets would increase if
crop production declined in the world’s mid-latitude breadbas-
ket regions. The large minority of the world population that
already suffers from malnutrition would then face an increased
threat to health from agricultural failure and rising food costs.
A recent analysis predicts an extra 40-300 million people at
risk of hunger in the year 2060 because of the impact of climate
change, on top of a predicted 640 million people at risk of
hunger by that date in the absence of climate change
(Rosenzweig et al., 1993).

18.3.3.3. Impacts of Climate Change on
Non-Cereal Food Production

Climate change may influence the production of noncrop food
supplies, including animal productivity. For example, the U.S.
Environmental Protection Agency has identified several infec-
tious diseases —such as the horn fly in beef and dairy cattle and
insect-borne anaplasmosis infection in sheep and cattle—that
could increase in prevalence in response to climate changes
(Rosenzweig and Daniel, 1989). An increase in temperature
and temperature extremes also could affect the growth and
health of farm animals (Furquay, 1989); young animals are
much less tolerant of temperature variation than are adult ani-
mals (Bianca, 1976).

Changes in ocean temperatures and currents could affect the
base of the marine food web and alter the distribution, migra-
tion, and productivity of fish species, a major source of protein
for many human populations (Glantz, 1992). Increased soil ero-
sion from intensified rainfall raises the turbidity of lakes and
rivers, reducing photosynthesis and therefore fish nutrition. As
in agriculture, climate change may contribute to the decline of
some fisheries and the expansion of others (see Chapter 16).

18.3.4. Health Impacts of Sea-Level Rise

Each of the vast changes in sea level that have occurred during
the past million years, before and after ice ages, typically took
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many thousands of years. The predicted rise of around half a
meter over the next century (see Chapter 7, Changes in Sea Level,
of the IPCC Working Group I volume) would be much faster than
anything experienced by human populations since settled agrari-
an living began. Such a rise would inundate much of the world’s
lowlands, damage coastal cropland, and displace millions of per-
sons from coastal and small island communities (see Chapter 12).

Much of coastal Bangladesh and Egypt’s heavily populated Nile
Delta would be flooded. Some low-lying, small island states
such as the Maldives and Vanuatu would be at risk of partial
immersion, and many other low-lying coastal regions (for exam-
ple, eastern England, parts of Indonesia, the Florida Everglades,
parts of the northeast coast of Latin America) would be vulnera-
ble. The displacement of inundated communities— particularly
those with limited economic, technical, and social resources—
would greatly increase the risks of various infectious, psycho-
logical, and other adverse health consequences.

Sea-level rise could have a number of other effects, of varying
directness, upon public health. In some locations, it could dis-
rupt stormwater drainage and sewage disposal. Poverty and the
absence of social infrastructure would compound the health
consequences of storm damage, disruption of sanitation, and
displacement of coastal dwellers. In many places, industrial
and agricultural depletion of groundwater already are causing
land subsidence, thus decreasing the threshold for impact.
Meanwhile, widespread damage to coral reefs is reducing their
capacity to buffer shorelines. Rising seas also would cause salt-
water to encroach upon freshwater supplies from estuarine and
tidal areas. Some changes in the distribution of infectious dis-
ease vectors could occur (e.g., Anopheles sundaicus, a saltwa-
ter vector of malaria).

18.3.5. Climate and Air Pollution: Impacts on
Respiratory and Other Health Disorders

The incidence of respiratory disorders—many of which are
caused primarily by dusts, noxious gases, allergic reactions, or
infections—may be modulated by climate change. Some of
these modulatory effects may occur via extreme temperatures
or amplification of pollutant levels. Rapid changes in air mass-
es associated with frontal passages may alter the intensity of
respiratory illnesses (Ayres, 1990). People with chronic
obstructive pulmonary disease (bronchitis and emphysema)
often experience exacerbation during winter.

Seasonal allergic disorders would be affected by changes in the
production of pollen and other biotic allergens; plant aeroaller-
gens are very sensitive to climate (Emberlin, 1994). Changes in
pollen production would principally reflect changes in the nat-
ural and agriculturally managed distribution of many plant
species—for example, birch trees, grasses, various crops (e.g.,
oilseed rape, sunflowers), and ragweed species. Hay fever (aller-
gic rhinitis) increases seasonally and may reflect the impact of
pollen release. The seasonal distribution and the causation/
exacerbation of asthma is more complex. It peaks in the pollen
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season and increases again later in the year in temperate cli-
mates; in the tropics, asthma occurs more frequently in the wet
season (LAIA, 1993; Lancet, 1985). In many asthmatic indi-
viduals, aspects of weather can exacerbate bronchial hyperre-
sponsiveness. For example, the passage of a cold front fol-
lowed by strong high pressure was found to be associated with
unusually high number of asthma admission days in two U.S.
cities (Goldstein, 1980). Sandstorms in Kansas (USA) and the
Sudan have been accompanied by increases in bronchitis and
asthma (Ayres, 1990).

It is well established that exposure to air pollutants, individu-
ally and in combinations, has serious public health conse-
quences. For example, exposure to ozone has been shown to
exacerbate asthma and impair lung function in children and the
elderly (Beckett, 1991; Schwartz, 1994), and both chronic and
acute exposures to fine particles are a cause of excess deaths
(Dockery et al., 1993; Pope et al., 1995; Schwartz, 1994) even
at exposures below prevailing air-quality standards. Since the
combustion of fossil fuels is a major source of both carbon
dioxide (a major greenhouse gas) and various air pollutants,
climate change can be expected to entail more frequent occa-
sions that combine very hot weather with increases in air-pol-
lutant concentrations. In urban environments, the weather con-
ditions that characterize oppressive air masses (see Section
18.2.1) also enhance the concentrations of air pollutants
(Seinfeld, 1986); conditions of low wind speed and high
humidity occur periodically in which neither heat nor air pol-
lutants are rapidly dispersed. Further, increases in temperature
or in ultraviolet irradiation of the lower atmosphere enhance
the chemical reactions that produce secondary photochemical
oxidant pollutants such as tropospheric ozone (Akimoto et al.,
1993; de Leeuw and Leyssius, 1991; Chamiedes et al., 1994).

In many urban settings, studies have shown that daily mortality
from cardiovascular and respiratory diseases is a combined
function of temperature and air pollutant concentrations. This
combination of exposures is also likely to have interactive
impacts on health. Indeed, some epidemiological evidence indi-
cates a synergy (a positive interaction) between stressful weath-
er and various air pollutants, especially particulates, upon mor-
tality (e.g., Shumway et al., 1988; Katsouyanni et al., 1993;
Shumway and Azari, 1992). The net effect on morbidity/mor-
tality therefore would be greater than anticipated from prior
estimates of the separate effects of weather and pollutants.

18.4. Stratospheric Ozone Depletion and Ultraviolet
Radiation: Impacts on Health

Stratospheric ozone depletion is a quite distinct process
from accumulation of greenhouse gases in the lower atmos-
phere (troposphere). Depletion of stratospheric ozone has
recently occurred in both hemispheres, from polar regions
to mid-latitudes (Kerr and McElroy, 1993; see also IPCC
Working Group I volume). The major cause of this ongoing
depletion is human-made gases, especially the halocarbons
(UNEP, 1994).
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The problem can be considered alongside climate change for
three reasons: (1) several of the greenhouse gases (especially
the chlorofluorocarbons) also damage stratospheric ozone; (2)
altered temperature in the troposphere may influence stratos-
pheric temperature and chemistry (Rind and Lacis, 1993); and
(3) absorption of solar radiation by stratospheric ozone influ-
ences the heat budget in the lower atmosphere (see also IPCC
Working Group I volume).

Stratospheric ozone absorbs part of the sun’s incoming ultra-
violet radiation (UVR), including much of the UV-B and all of
the highest-energy UV-C. Sustained exposure to UV-B radia-
tion is harmful to humans and many other organisms (UNEP,
1994). It can damage the genetic (DNA) material of living
cells and can induce skin cancers in experimental animals.
UV-B is implicated in the causation of human skin cancer and
lesions of the conjunctiva, cornea, and lens; it may also impair
the body’s immune system (Jeevan and Kripke, 1993;
Armstrong, 1994; UNEP, 1994).

184.1. Skin Cancers

Solar radiation has been consistently implicated in the causa-
tion of nonmelanocytic and melanocytic skin cancers in fair-
skinned humans (IARC, 1992; WHO, 1994b).

Nonmelanocytic skin cancers (NMSCs) comprise basal cell
carcinoma (BCC) and squamous cell carcinoma (SCC). The
incidence rates, especially of squamous cell carcinoma, corre-
late with cumulative lifetime exposure to solar radiation
(IARC, 1992; Kricker et al., 1995). Studies of the action spec-
trum (i.e., the relative biological effect of different wave-
lengths) for skin carcinogenesis in mice indicate that the UV-B
band is primarily responsible for NMSC (Tyrrell, 1994).
Malignant melanoma arises from the pigment-producing cells
(melanocytes) of the skin. Although solar radiation is substan-
tially involved in melanoma causation (IARC, 1992;
Armstrong and Kricker, 1993), the relationship is less straight-
forward than for NMSC; exposure in early life appears to be a
major source of increased risk. The marked increases in inci-
dence of melanoma in Western populations over the past two
decades (Coleman et al., 1993) probably reflect increases in
personal exposure to solar radiation due to changes in patterns
of recreation, clothing, and occupation (Armstrong and
Kricker, 1994).

The UN Environment Programme predicts that an average
10% loss of ozone (such as occurred at middle-to-high lati-
tudes over the past decade), if sustained globally over several
decades, would cause approximately 250,000 additional cases
of NMSC worldwide each year (UNEP, 1994). This prediction
assumes that a 1% depletion of stratospheric ozone results in a
2.0% (£0.5%) increase in NMSC incidence (80% of which are
BCC). Another estimation of this “amplification factor” gives
a figure of 2.25% (Slaper et al., 1992; den Elzen, 1994). At
higher geographic resolution, Madronich and de Gruijl (1993)
predict that persistence of the ozone losses of the 1979-92
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period for several decades would cause the incidence of BCC
to increase by 1-2% at low latitude (5°), 3-5% at 15-25°,
8—12% at 35-45°, and, at 55-65°, by 13-15% in the northern
hemisphere and 20-30% in the south. They estimate that the
percentage increases for SCC would be approximately double
those for BCC.

18.4.2. Cataracts and Other Damage to the Eye

The external epithelial (keratotic) layer of the eye, comprising
cornea and conjunctiva, absorbs virtually all UVR of less than
290 nm wavelength. Corneal photokeratitis, pterygium (a
growth of the conjunctival epithelium), and climatic droplet
keratopathy are thought to be UVR-related (Taylor ez al., 1989;
Gray et al., 1992; WHO, 1994b). Inside the eye, the lens
absorbs much of the residual UVR, and this absorbed radiation
may cause cataracts (Taylor et al., 1988; Dahlback et al., 1989;
West et al., 1989; WHO, 1994b).

Cataracts (lens opacities) are independent of skin pigmentation
(unlike skin cancer). They occur predominantly in old age and
cause more than half of the world’s estimated 25-35 million
cases of blindness (Harding, 1991). In Western countries,
5-10% of people aged over 65 have cataracts (Klein ez al.,
1992). The prevalence often is much higher among elderly,
malnourished persons in poor countries, where micronutrient
deficiencies and the metabolic consequences of severe diar-
rheal episodes may contribute to cataract formation (Harding,
1992). Scientific debate persists over the extent of the influ-
ence of UV-B upon cataract formation (Dolin, 1994; WHO,
1994b); some epidemiological studies have found clear-cut
positive results, but others have not. The relationship is most
evident for cortical and posterior subcapsular cataracts but less
so for the more commonly occurring nuclear cataracts.

Ocular photodamage by UVR is enhanced by certain clinical
drugs used in photochemical therapy that can cause photosensitiz-
ing reactions (Lerman, 1988). Various other photosensitizing med-
ications would render individuals generally more susceptible to
adverse health effects from increased exposure to UVR; these
medications include psoralens, thiazides, phenothiazines, barbitu-
rates, allopurinol, and retinoic acid compounds (Lerman, 1986).

184.3. Alteration of Immune Function

Human and animal evidence indicates that UV-B irradiation of
skin at quite modest levels causes local and, probably, systemic
suppression of immunity (Morison, 1989; Noonan and DeFabo,
1990; Jeevan and Kripke, 1993). Most of the evidence is for
local immunosuppression, in which the skin’s contact hyper-
sensitivity response is impaired (Giannini, 1986; Yoshikawa et
al.,1990; UNEP, 1994). UV-B exposure disturbs the function of
the skin’s Langerhan cells and stimulates the release of certain
cytokines (messenger chemicals) that promote the activity of
suppressor T lymphocytes, thus dampening the local immune
system (UNEP, 1994).
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Evidence for more generalized (i.e., systemic) suppression of
immunity comes from studies in humans, which show that sun-
light exposure increases the suppressor T cells in blood
(Hersey et al., 1983). Although there is evidence in humans of
UV-induced changes in the profile of circulating immunologi-
cally active lymphocytes for several days to weeks, the extent
of systemic immune suppression involved remains uncertain
(de Gruijl and van der Leun, 1993). Systemic suppression also
occurs in UV-irradiated mice (Kripke, 1981; Jeevan and
Kripke, 1990).

Immune suppression would alter susceptibility to infectious
diseases (Armstrong, 1994). Exposure to UV-B modifies vari-
ous immunological reactions in mice that influence the patho-
genesis of infectious diseases, such as those due to Herpes sim-
plex viruses (Otani and Mori, 1987; Yasumoto et al., 1987),
leishmania (Gianinni, 1986; Giannini and DeFabo, 1989), can-
dida (Denkins et al., 1989), and mycobacteria (Jeevan and
Kripke, 1989). The relevance of these findings for naturally
occurring infectious diseases, and for vaccination efficacy, in
humans remains unknown. UNEP (1994) concluded that: “It
will be very difficult to assess the role of UV-B radiation on
natural infections in human populations. Based on current
knowledge, we would predict that an effect of UV-B radiation
would manifest as an increase in the severity or duration of dis-
ease and not necessarily as an increase in disease incidence.”

1844. Indirect Effects of Ozone Depletion
upon Human Health

An increase in UV-B irradiance is predicted to impair photo-
synthesis on land and sea (UNEP, 1994). Although the magni-
tude is uncertain, and may well not be large, there would be at
least a marginal reduction in crop yields (Worrest and Grant,
1989) and in the photosynthetic production of biomass by
marine phytoplankton, the basis of the aquatic food chain
(Smith and Baker, 1989; Smith et al., 1992). Thus, adverse
effects of UV-B upon photosynthesis would, to some extent,
reduce global food production.

18.5. Options for Adaptation

Various adaptation strategies are possible to reduce the impacts
of climate change on human health. Such adaptation could be
developed at the population or individual level. The feasibility
of adaptation would be constrained for many of the world’s
populations by a lack of local resources.

At the population level, environmental management of ecosys-
tems (e.g., freshwater resources, wetlands, and agricultural
areas sensitive to invasion by vectors), public health surveil-
lance and control programs (especially for infectious diseases),
and introduction of protective technologies (e.g., insulated
buildings, air conditioning, strengthened sea defences, disaster
warning systems) would be important. Improved primary
health care for vulnerable populations could play a significant
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role in reducing a range of health impacts, including some
vector-borne and other communicable diseases, and the
effects of extreme events. One example is extension of vacci-
nation coverage, although no suitable vaccines exist for some
of the diseases most sensitive to climate change (e.g., dengue
and schistosomiasis) or for many of the newly emerging
infections.

At the individual level, people should be encouraged to
refrain from or to limit dangerous exposures (e.g., by use of
domestic cooling, protective clothing, mosquito nets). Such
behavioral responses could complement any physiological
adaptation that might occur spontaneously through acclima-
tization (to heat stress) or acquired immunity (to infectious
diseases).

In view of limitations to the forecasting of health impacts at
this stage of our knowledge, an important and practical form of
adaptation would be to improve large-scale monitoring and
surveillance systems, especially for vulnerable populations and
areas. Recently initiated efforts to observe and monitor aspects
of the Earth’s environment and ecosystems in relation to cli-
mate change now should incorporate health-related monitoring
(Haines et al., 1993). Advances in climate forecasting and in
the regional integration of ecological and health monitoring
(including local vulnerability factors) will facilitate develop-
ment of early-warning systems.

Finally, if health impacts of climate change are probable and
serious, then the only effective long-term basis for mitigation
lies in primary prevention at the societal level. This would
require acceptance of the Precautionary Principle as the foun-
dation of policy response. This, in turn, would suggest some
fundamental, and therefore difficult, reorientations of social,
economic, and political priorities. Meanwhile, care must be
taken that alternative technologies do not introduce new
health hazards.

18.6. Research Needs

e Development and validation of integrated mathemat-
ical models for the prediction of health impacts.
Such models must draw on multiple scientific disci-
plines and should take maximal account of regional
and local influences on the effects being modeled
and on their interaction with other environmental
stresses.

e Identification and analysis of current or recent set-
tings in which the health impacts of local or regional
climate changes (occurring for whatever reason) can
be studied. The apparent recent changeable patterns of
infectious diseases around the world may afford good
opportunities for clarifying and quantifying the influ-
ences of climatic factors.

e Incorporation of health-related measurements in glob-
al, regional, and local monitoring activities. This
would enhance the early detection of shifts in health
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risks, the evaluation of alternative indices for moni-

toring health (including the use of sensitive species as

bioindicators), and the opportunity to detect and/or
examine previously unsuspected or undocumented
environment—health relationships.

e Some specific research needs include:

—  Comparison of impacts of heat waves in urban
and rural populations, to clarify the relative
importance of thermal stress and air pollutants

— Examination of the interplay between climatic
impacts on forests and other terrestrial ecosystems
on the range and dynamics of vector-borne disease

—  Study of factors influencing population vulnera-
bility to climate change.

18.7. Concluding Remarks

Forecasting the health impacts of global climate change
entails unavoidable uncertainty and complexity. Human popu-
lations vary greatly in their vulnerability to climate changes
and in their resources for protection and mitigation. Likewise,
the responses of infectious disease vectors to changes in cli-
mate depend greatly on other concomitant environmental
stresses and the adequacy of control measures and health care
systems. Meanwhile, population health status continues to be
influenced by a rich mix of cultural and socioeconomic fac-
tors. Hence, assessing the health impact of climate change
requires a systems-based modeling approach that integrates
information about climatic factors, other environmental
stresses, ecological processes, and social-economic-political
inputs and responses.

Alongside the need for improved health impact assessment
capability is a precautionary need to develop global, region-
al, and local monitoring systems for the early detection of
climate-induced changes in human health. There have,
indeed, been various recent events that, plausibly, might be
early signals of such change. The increased heat-related
deaths in India in 1995; the changes in geographic range of
some vector-borne diseases; the coastal spread of cholera:
Could these be early indications of shifts in population
health risk in response to aspects of climate change? Of
course, it is not possible to attribute particular, isolated
events to a change in climate or weather pattern; other plau-
sible explanations exist for each of them, and a number of
different factors may combine to produce each event.
However, it is important that we begin to assess patterns of
change in the various indices of human health that will pro-
vide early insight and will assist further the development of
predictive modeling.

There is thus a clear need for enhanced research and monitor-
ing activities. This need reflects the assessment that the poten-
tial health impacts of climate change, particularly if sustained
in the longer term and if generally adverse, could be a serious
consequence of the ongoing anthropogenic changes in the
composition of Earth’s atmosphere.
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